To improve the wear resistance of small machine parts such as microscale gears, we developed a novel surface treatment process, laser-induced local surface treatment. Disk-shaped austenitic stainless steel (SUS316L) specimens were soaked in Al(NO 3 ) 3 solution and subsequently irradiated by a nano-pulse fiber laser beam. The treated surfaces were then observed under a scanning electron microscope and analyzed using an energy dispersive X-ray spectrometer. The effects of defocus amount, tribology behavior, and wear resistance on the characteristics of the treated surface were examined in detail. The surface roughness of the treated specimens with the defocus range of -1 to -2 mm was lower than that of the treated specimen without defocus. The thickness of the treated layer decreased when the defocus amount was increased within the abovementioned range of values. However, when treatment was performed with a defocus amount of -3 mm, no noticeable change was observed on the treated surface; this was attributed to the difference in laser-energy density. The friction coefficient of the laser-treated specimen with the defocus level of -1 mm was much lower than that of the untreated specimen. This implies that the wear resistance of austenitic stainless steel can be improved with the proposed surface treatment method.
Introduction
Advances in laparoscopic surgeries have resulted in observable reduction in the diameters of surgical instruments such as endoscopes and forceps. The application of microscale gears has been recognized as a means to facilitate complex movements such as grabbing, suturing, and cutting. A majority of these microscale gears are fabricated using stainless steel to support the superior biocompatibility of the gears. Surface treatments are applied by doping substrates with different elements to improve wear resistance. Microscale gears for small forceps are required to maintain a high degree of accuracy; it is therefore not feasible to treat these microgears with orthodox treatment methods without causing significant distortions to the structure of the gears.
In the previous studies, local surface treatment methods were developed based on the use of laser irradiation to apply heat locally (Govindaraju, et al., 1994 , Kutsuna, et al., 1992 , Deborenea, 1998 , Gao, et al, 2014 . Surface treatment methods with lasers include laser nitriding, laser alloying, laser cladding, and laser peening.
For instance, a study conducted by K. Nishio et al. (2004) showed that laser nitriding with pure titanium specimens effectively increased the hardness of the local area to which it was applied. However, a vacuum chamber is necessary for the laser nitriding process, which results in a complex treatment system. Another study conducted by S. Tomida et al. (2003) demonstrated that laser alloying using graphite powder increased the surface hardness of low carbon steel. Although, the layer treated by laser irradiation was at least several micrometers thick, therefore exeess reactions 1 Improvement in wear resistance of stainless steel by laser-induced local surface treatment Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) occurred. In order to minimize the thickness of the treated layer, the laser energy used for irradiation should be minimized. Previous methods involving the use of doping elements in the form of powders or coatings were found to be unsuitable for heating the surfaces of specimens because laser energy was too much and heating effect was substantial. To address this problem, in this study, the doping elements were dissolved in pure water (i.e. the specimens were soaked in a solution containing doping elements and were then irradiated by laser). We refer to this method as the laser-induced local surface treatment. This method does not require a vacuum chamber; moreover, a low power and compact laser unit is used, which can be equipped in the machine tool as a machining center. Therefore, the processes of machining and surface treatment can be combined using this method.
Methods to form Fe-Al composite layers for the surface treatment of steel have been studied by several researchers (Arikawa, et al, 2009 ,Sasaki, et al., 2006 . For instance, S. Kobayashi et al. (2002) demonstrated that the surface hardness of austenitic stainless steels increased with the formation of a Fe-Al composite layer during aluminization, which a steel specimen was subjected diffusion-treatment at temperature of more than 1273 K subsequent to immersion in melten aluminum bath. R. Prescott et al. (1991) established that Fe-Al intermetallic treatments resulted in high oxidation resistance. T. Yakou et al. (2003) showed that good abrasive wear resistance for steel substrates was possible with the formation of a Fe-Al composite layer by Al plating the steel specimens. In addition, it has been reported that Fe-Al composites have high hardness (Chang, et al., 1993) and high corrosion resistance (Kai, et al., 1997) .
This study is mainly concerned with development of laser-induced local surface treatment in order to generate a Fe-Al composite layer, which improves the wear resistance of stainless steel. In this method, the specimens soaked in an Al(NO3)3 solution are irradiated by laser, as shown in Fig. 1 . This study focusses on the effect of the defocus amount of laser on the wear characteristics of the treated layers.
Experimental Procedure 2.1 Specimens and Solution Preparation
The material used in this study was austenitic stainless steel (SUS316L) and the chemical composition is described in Table 1 . The dimension of the specimens was ϕ15 mm × 4 mm. The specimen surfaces were polished using emery papers and were then mirror-finished using diamond powder. A 10% Al(NO3)3 solution was used in the study; it comprises aluminum ions that generate a Fe-Al composite layer on the surface of the specimens. In addition, identical specimens treated in water were also prepared for comparison. Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) 
Laser Irradiation Process
To minimize the undesirable effects of laser heating on the surface of the specimens, a nano-pulse Yb fibre laser (YLP-1 IPG.co) was used. The laser unit was set on a linear motor-driven, 5-axis machining machine (nano100, Sodick), as shown in Fig. 1 . The SUS316L specimens were placed on the stage and immersed in 10% Al(NO3)3 solution . The liquid level, which is defined here as the distance between the surface of the specimen and the surface of the liquid, could be precisely adjusted, as shown in Fig. 1 . The immersed specimen was irradiated by the laser beam using the driving mechanism of the ultra-precise machine; the laser irradiation pattern is shown in Fig. 2 . In this study, the liquid level was 1 mm.
This study focuses on the influence of defocus manner and defocus amount on the wear characteristics of treated layers. There are two defocus directions, positive and negative, as shown in Fig. 3 . To compare the effects of the two different defocus conditions of interest, experiments were performed, wherein the defocus amounts were set to 0.6 mm and 1 mm in the positive position and negative direction, respectively. In addition, Table 2 lists of the specifications of the laser beam. Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) 
Analyses of Treated Layers
Subsequent to laser irradiation, specimen samples were prepared for the evaluating the cross-sections of the treated specimens. Moreover, the surface of the specimens were nickel plated in order to enhance the discernibility of the treated surface borders. The cross-sections of these specimens were further treated with ferrite resin and mechanically polished with emery papers and diamond powder to obtain a mirror finish. The surfaces of the specimens, as shown in Fig. 4(a) , and the cross-sections of treated specimens, as shown in Fig. 4(b) , were observed under a scanning electron microscope (SEM) and analyzed by energy dispersive X-ray analyses (EDX). The treated surfaces were identified by X-ray diffraction (XRD) using monochromatic Cu Kα radiation to determine the states of the Al, Fe, and O elements present on the treated surfaces. 
Evaluation of the Wear Resistance of Treated Surfaces
In order to determine the friction coefficients, friction and wear tests with slide-type testing equipment were conducted on the surfaces treated in Al(NO3)3 solution and water for comparison; the conditions under which these evaluations were conducted are listed in Table 3 . A sapphire pin with a 0.5 mm radius was used in these tests. Subsequent to the friction and wear tests, the wear tracks were obtained by SEM and analyzed by EDX to evaluate the magnitude of wear on the samples.. Figure 5 shows the SEM images of the surfaces treated with defocus amount of -1 mm. The specimens irradiated by laser immersed in Al(NO3)3 solution are referred to as Al(NO3)3 series, while those immersed in H2O are referred to as H2O series. Figure 5 shows the influence of different surface textures on specimens treated with Al(NO3)3 solution and those with H2O. Different reactions were observed to have taken place in each of the specimens that were tested. Figure 6 shows a series of the SEM images and EDX maps of the cross-sections of Al(NO3)3 and H2O series. On the surface of Al(NO3)3 series, a layer, indicated by color which is distinct from the untreated region of the specimen, was formed. EDX maps of the surface of Al(NO3)3 series shows that Al and O elements were included in this layer. On the other hand, a non-treated layer was formed on the surface of H2O series. Wear cycle, N 18000 Table 3 Conditions of friction and wear tests. Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) 
Results and Discussion

Estimation of Flow Disturbance Effect of Defocus Manner on Surface Texture
Effect of Defocus Manner on Surface Texture
A uniform sized asperity was formed on the surfaces of specimens that were irradiated by laser with defocus amount of -0.6 mm and -1.0 mm. In contrast, a non-uniform sized asperity was formed when the defocus manner was in the positive direction. This can be attributed to the bubble interference during the laser irradiation process, which occurred at the focal point above the surface of the specimen. Consequently, the defocus was set in the negative direction for the remainder of the experiments. SEM images of the specimen surfaces after laser irradiation are shown in Fig. 7. 
Effects of Defocus Amount on the Surfaces of Specimens
In order to further elucidate the effects of the defocus amount on characteristics of the treated layers, four types of treated specimens were prepared with different defocus amounts of 0, -1, -2 and -3 mm and are referred to as the D0, 
Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) D1, D2, and D3 series, respectively. Figure 8 shows SEM images and EDX maps that correspond to the cross-sections of the specimens after laser irradiation. The surface roughness was observed to have changed in correspondence with the defocus amount. In the SEM images in Fig. 6 , large dimples can be observed on the surface of D0 series. The size of the dimples decreased with an increase in the defocus amount. This relationship is can be attributed to the increment in the amount of input energy with decreasing defocus amount. In the EDX maps in Fig. 8 , Al and O elements were detected in the treated layer that was formed on the surface of D0, D1, and D2 series. The treated layer on D0 series was porous and has low density. Based on these observations, the defocus amounts of -1 and -2 mm would result in the desired formation of uniformly treated layers. However, there were no Al or O elements found on D3 series; therefore, the non-treated layer were formed on this specimen. This can be attributed to the fact that the laser beam irradiated the specimen in excess of defined defocus amount and the surface of specimen did not absorb sufficient heat required to be treated. Figure 9 shows the XRD pattern obtained for the surfaces of D0, D1, and D2 series. In this figure, the diffraction peaks of Fe 2+ Al2O4, indicated by ◆, were detected, which are different from those of the SUS316L, indicated by ○. These diffraction peaks are unique to Fe 2+ Al2O4 molecules with spinel structures. Fe 2+ Al2O4 is a multioxide compound and has high hardness and corrosion resistance. The results suggest that the wear resistance and friction coefficient of the surfaces of the layers that were formed by laser-induced local surface treatment improved considerably. Compared with three specimens, the heights of peaks of ◆ was decreased with increasing. Figure 6 shows that Al element diffusing into the specimen surface decreased and the treated layer grows thinner with increasing of defocus amount. Therefore, we can conclude that the Al element in the treated layer constituted Fe 2+ Al2O4. On the Vol.10, No.5 (2016) other hand, Fe 2+ Al2O4 has characteristics such as high hardness (Yang, et al, 2013) , high wear, and corrosion resistance (Doung, et al., 2006 , Nishimura, et al., 2001 . Therefore, treated layers generated in this study were expected to exhibit high functionality. Figure 10 illustrates the relationships between the friction coefficient and the wear cycle of the specimens treated in Al(NO3)3 solution with defocus amount of 0, -1 and -2 mm and specimens treated in H2O with defocus amount of -1 mm; the friction coefficients were plotted as the average values per 100 wear cycles. The wear direction was along to the laser scanning direction. On comparison with four specimens, the friction coefficients of D0 series were observed to be higher than those of D1 and D2 series. This phenomenon can be attributed to the low density of the treated layer on the D0 series. On the other hand, the friction coefficient of H2O series was observed to be higher than those for D1 and D2 series. As stated in Section 3.1, there were no Al or O elements detected and a non-treated layer was formed on the specimens of the H2O series. Moreover, the roughness of the treated surface of H2O series was comparable to that of the D1 series. Figure 10 shows that the friction coefficient of the D1 series was lower than that of the H2O series. These results suggest that the treated layer improved the sliding characteristics of SUS316L. This result is consistent with the present work (Y. Dong et al, 2006) . However, the roughness of the treated surfaces made it unfeasible for be application to sliding surfaces; therefore, it is necessary to reduce the roughness in order to obtain optimal conditions for laser irradiation in the future. Figure 11 shows the SEM images and EDX maps of wear tracks of D1 series and H2O series after friction and wear tests of 18,000 cycles. The width of wear tracks of H2O series was larger than that of D1 series. In addition, EDX maps show that Al element was detected on the wear track of D1 series. This implies that the treated layer still remained on the wear track of the D1 series. Figure 12 shows the SEM image of the cross-section of D1 series after Vickers microhardness tests. The hardness of the treated layer was 1050 HV. The hardness of treated layer of Fe 2+ Al2O4 was lower than that of Fe 2+ Al2O4 bulk, which is in the range of 1380-1550 HV (Dekker et.al, 1974) . This was due to thinness of treated layer; the indenter of hardness test was immediate close to the interface of the treated layer. The indentation observed on the treated layer was smaller than that on the substructure; the hardness of substructure was 330 HV. This implied that the hardness of treated layer was higher. Therefore, the wear resistance of the specimen improved because of the high hardness of the treated layer. (c)D2 series Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) 
Results of Friction and Wear Tests
Conclusions
In this study, the effects of laser-induced local surface treatment on the properties of austenitic stainless steel (SUS316L) were evaluated. In addition, the effects of the treated layers on the wear resistance of SUS316L alloy were Ezura, Yoshimine, Ohkawa, Katahira and Komotori, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) investigated. The results are summarized as follows: 1) The layer with Al and O elements was formed on the treated surface of the specimen that was irradiated by laser in Al(NO3)3 solution. The treated layer comprised of Fe 2+ Al2O4 with spinel structures. 2) Unstable treated layer was formed when the defocus amount was set at +1 mm. This was attributed to the presence of a bubble at the focal point above the surface of the specimen, which interfered with the laser irradiation process. However, a stable treated layer was formed with negative defocus. In addition, a treated layer with uniform thickness was formed with defocus amounts of -1 and -2 mm.
3) The friction coefficient of the specimen treated in Al(NO3)3 solution with defocus amount of -1 and -2 mm was lower than those treated in H2O. Moreover, the wear resistance of the surface treated in Al(NO3)3 solution was significantly higher.
